ABSTRACT Gamma-ray bursts (GRBs) are powered by ultra-relativistic jets. Usually a minimum value of the Lorentz factor of the relativistic bulk motion is obtained based on the argument that the observed high energy photons (≫ MeV) can escape without suffering from absorption due to pair production. The exact value, rather than a lower limit, of the Lorentz factor can be obtained if the spectral cutoff due to such absorption is detected. With the good spectral coverage of the Large Area Telescope (LAT) on Fermi, measurements of such cutoff become possible, and two cases (GRB 090926A and GRB 100724B) have been reported to have high-energy cutoffs or breaks. We systematically search for such high energy spectral cutoffs/breaks from LAT and GBM observations of the prompt emission of GRBs detected since August 2011. Seven more GRBs are found to have cutoff-like spectral feature at energies of ∼ 20 − 300 MeV. Assuming that these cutoffs are caused by pair-production absorption within the source, the bulk Lorentz factors of these GRBs are obtained. We further find that the Lorentz factors are correlated with the isotropic gamma-ray luminosity of the bursts, indicating that more powerful GRB jets move faster.
INTRODUCTION
Gamma-Ray Bursts (GRBs) are the most energetic transient phenomena in the universe. The initial brief and intense gamma-ray flash, the so-called prompt emission, is thought to be produced in an ultra-relativistic outflow, as argued by the fact that high energy photons (≫ MeV) escape out of the source without suffering from absorption due to pair production (γγ → e + e − ) (e.g, Krolik & Pier (1991) ; Fenimore et al. (1993) ; Woods & Loeb (1995) ; Baring & Harding (1997) ). Requiring that the absorption optical depth τ γγ 1 for high energy photons, one can deduce a lower limit on the bulk Lorentz factor (Γ) of the emitting region, which is usually 100 (Lithwick & Sari 2001) . The absorption should cause a spectral cutoff or break in the highest energy end, which is expected to be seen if the energy coverage and sensitivity of the detector is sufficiently good. With the greatly increased spectral coverage of the Large Area Telescope (LAT) on Fermi, search for such high energy spectral cutoff/break becomes possible. A spectral break around 0.4 GeV is detected for the first time in GRB 090926A (Ackermann et al. 2011 ). In the first Fermi/LAT GRB catalog (Ackermann et al. 2013) , which summarized the spectral analysis of all LAT-detected GRBs up to July 2011, one more GRB (i.e. GRB 100724B) is reported to have a spectral cutoff at the highest end. In this paper, we perform a thorough analysis of GRBs detected by Fermi-LAT between August 1, 2011 and October 30, 2014 to search for cutoff-like spectral features. In §2, we present the data analysis procedure and the results. We find seven GRBs showing cutoff-like features, while the remaining GRBs can be adequately described by the Band function. In §3, assuming the cutoffs are caused by the pair-production absorption, the bulk Lorentz factors are obtained. With a total of nine GRBs having measurements of the Lorentz factors, we further study whether the Lorentz factors are correlated with two burst quantities: the gamma-ray luminosity and the burst energy.
DATA ANALYSIS AND RESULTS

The burst sample
A total of 49 GRBs are detected by the Fermi/LAT between August 1, 2011 and October 31, 2014, as listed in the LAT Burst Online Catalog 1 . Focusing on the prompt phase, 28 of them were reported by the Fermi/LAT collaboration (through GCN circulars) to have LAT detection (>100 MeV) during the main gamma-ray emission phase, i.e., the time interval of GBM data analysis. Table 1 shows the information of these 28 GRBs, including the position derived from the LAT photons, the burst time interval used by the GBM team for spectral analysis (which is also the time interval used in our joint GBM/LAT analysis) and the LAT boresight angle at the GBM trigger time.
Data analysis
For each burst, we select two or more NaI detectors which were triggered or have large enough signal-to-noise ratio compared with the triggered detectors, and one or two BGO detectors in a similar manner. The GBM TTE data and RSP2(or RSP) files are employed in spectral fittings. For NaI detectors, channels below 8 keV and channels 127 and 128 are ignored. For BGO, we do not include the channels below 250 keV and channels 127 and 128. We obtain a model for the background by fitting GBM TTE event data from before and after the GRB prompt phase with polynomial functions, and a polynomial of degree one is adopted (Ackermann et al. 2013) .
We derive the LAT spectrum files and response files using the Fermi Science Tools package, version v9r32p5 2 . We select transient-class events from LAT observations, and instru-1 http://fermi.gsfc.nasa.gov/ssc/observations/types/grbs/lat_ grbs/ 2 available at the Fermi Science Support Center (FSSC), http://fermi.gsfc.nasa.gov/ssc/ ment response functions (IRFs) P7REP_TRANSIENT_V15 are used. We excluded the events with zenith angles >100
• in order to avoid a significant contribution of Earth-limb gammarays using the tool gtselect. All events in a region of interest (ROI) of 12
• around the positions(see Table. 1) of burst are used. LAT spectra are divided into 20 logarithmically spaced energy bins from 100 MeV to 10 GeV. The spectrum and the response matrix of each GRB are derived using gtbin and gtrspgen. Background of LAT spectra are calculated by the BKGE script with a constant ROI by adding a command of "ROI_Calculate = 0" (Vasileiou 2013).
The RMFIT version 4.3.2 is employed in joint Fermi GBM/LAT spectral fits. GRB spectra are usually fitted by the phenomenological "Band function" (Band et al. 1993) 3 . An extra power-law component in addition to the Band component has been seen in some LAT-detected GRBs, such as GRB 090902B, GRB 090510, and GRB 090926A (Abdo et al. 2009a; Ackermann et al. 2010 Ackermann et al. , 2011 . Thus, we assume the Band model or the Band plus a power-law model for the intrinsic GRB spectrum, i.e. the spectrum before considering the gamma-ray absorption cutoff. To search for cutoff-like features at the high-energy end, we then employ the following three models in the data fitting (Ackermann et al. 2013) :
(a) Band model, that is 
where E piv is the pivot energy and E c is the cutoff energy. We employed the following three criteria to determine the preferred spectral model: (1) the goodness of the fitting, which is measured by the reduced CSTAT (a smaller CSTAT value shows a better fit, and the difference, ∆CSTAT, is roughly equal to square of significance of improvement. see Ackermann et al. (2011) ); (2) the robustness of the model parameters, which is measured with the errors of the parameters; (3) whether a structure exists in the residual distribution.
Results
The most appropriate spectral model is optimized for each burst following the procedures described above. 21 GRBs are fitted by the Band function well and for the remaining 7 GRBs, other models are prefered over the Band function. Base on the joint GBM+LAT data analysis, we present the results of these two subsamples. For the sample with high energy cutoff, we also perform spectral analysis by adding the Low-Energy events (LLE) data, in order to check the result. However, in order to compare with results with others, e.g., Ackermann et al. (2013) , we made use of the results of GBM+LAT spectral analysis in the section of Discussions. Table. 2. The photon index α is in the range of −1.3 to −0.2 with an average value of −0.63 and the standard derivation of 0.42, despite of two GRBs with α larger than 0. The photon index β ranges from −3.0 to −2.0 with an average value of −2.63 and the standard derivation of 0.32. The peak energy E p ranges from 60 keV to 4 MeV with an average value of 498 keV and the standard derivation of 384 keV.
GRB 130427A has a very large CSTAT, due to the saturation of GBM TTE data in this time interval (Ackermann et al. 2014) . For GRB 130828A and GRB 140104B, we exclude the events below 50 keV, as this low-energy part cannot be fit satisfactorily by any of the aforementioned models.
Sample with high energy spectral cutoff
Firstly, we reanalyzed all the LAT-detected GRBs included in the first Fermi/LAT GRB catalog (Ackermann et al. 2013 ). Only two GRBs (i.e., GRB 090926A and 100724) are found to show convincing evidence of spectral cutoffs or breaks. GRB 090926A and 100724B can be modelled, respectively, by the Band+PLCut and BandCut models (see Fig.1 ). This is consistent with the results in Ackermann et al. (2013) .
Among the 28 LAT GRBs detected since August 2011, 7 GRBs are found to deviate from the Band model with ∆CSTAT>20: GRB 130504C, GRB 130518A, GRB 130821A, GRB 131231A, GRB 131108A, GRB 140206B, and GRB 141028A. Except for GRB 131108A, BandCut model is the preferred model with ∆CSTAT large than 28, as shown in Table 3 . For three bursts, GRB 130504C,130518A and 130821A, systematic patterns remain in the fit residuals, especially at the LAT band, and their cutoff energies are unreasonably low. We note that for the other four GRBs (and also GRB 100724B), the best-fit parameters of the combined GBM+LAT spectra are almost the same as that of the GBM data-only spectra. Thus, we fix the value of β to that of the GBM spectra and re-fit the combined GBM+LAT spectra for these three bursts, finding that the residuals distribute randomly around zero across the studied energy range. The spectral fits of all the 7 GRBs are shown in Fig. 1 . GRB 131108A is a unique burst. We found that the Band function cannot fit its spectrum well, as also noted by Giuliani et al. (2014) . Following our procedures, we find that its time integrated spectrum can be fitted by the Band+PLCut model, with a ∆CSTAT=26.7 improvement over the Band model. The cutoff energy is found to be 438.2±98.6 MeV (see Table  3 ). Giuliani et al. (2014) claimed that the Band function plus a smoothly broken power function(SBPL) can fit the data well. We test this model and find that Band+SBPL has a similar CSTAT value as that of Band+PLCut. We adopt Band+PLCut as the preferred model since it contains less number of free parameters than Band+SBPL.
Joint GBM+LLE+LAT analysis for the sample with high energy cutoffs
We note that most of the cutoffs in our sample locate in the energy coverage of LLE data (i.e, from ∼30 MeV to ∼130 MeV), so we perform a joint spectral analysis of the GBM+LLE+LAT data for the sample with high energy cutoffs. Keeping in mind that LLE data are non-standard LAT data products because of large effective area at low energies and high background rates (Pelassa 2011) , we consider the joint GBM+LLE+LAT data analysis as a consistency check of the above results.
The PHA and RSP files of LLE data from FSSC are selected. We included the events from 30 MeV to 130 MeV, as Axelsson et al. (2012) . Background is derived by employing the same method as that for GBM detectors.
The fitting results are shown in Table 4 . First, we find that ∆CSTAT of almost all GRBs are increased compared to the cases of the GRB+LAT fitting. Secondly, the new cutoff energies E c are consistent, within the error bar, with those derived above. Finally, the β values of those three GRBs (i.e., GRB 130504C, 130518A and 130821A) can be constrained in the current fitting and they are all close to the fixed β values that we used above. The spectra for the joint GBM+LLE+LAT analysis are shown in Fig. 2 .
IMPLICATIONS AND DISCUSSIONS
Including GRB 090926A and GRB 100724B, there are 9 GRBs showing cutoff-like spectral features in the high-energy emission and the cutoff energy ranges from ∼20 to several hundred MeV. We note that the cutoffs obtained for the BandCut model cluster around tens of MeV and no cutoff above 100 MeV is seen. This may be because the limited number of photons above 100 MeV does not allow us to distinguish between the BandCut and the simple Band model statistically if the break is above 100 MeV. On the other hand, cutoff features can be discerned more easily if there is an extra hard component (such as GRB 090926A and GRB 131108A), since the hard power-law component increases the number of the highest energy photons.
Compute the bulk Lorentz factor
If the spectral break/cutoff E c is due to γγ absorption within the source, one can compute the bulk Lorentz factor (Γ) of the emitting region by taking τ γγ (E c ) = 1. We consider a simple one-zone model where the photon field in the emitting region is uniform, isotropic and time independent in the comoving frame 4 (see the supporting material for Abdo et al. (2009b) ). The target photons that annihilate with photons of energy E c should have energy above
, where z is the redshift. These photons come from the high energy part of the Band function or the extra power-law component, and their flux can be, respectively, parameterized
, where E 0 is some reference energy. Considering that photons with energy E c collide with target photons with energy above E t , we get the γγ absorption optical depth in the comoving frame Gould & Schréder (1967) ,
where E ′ c = (1 + z)E c /Γ (hereafter the prime represents quantities in the comoving frame), σ γγ is the absorption cross sec-tion, µ ′ = cosθ ′ , θ ′ is the angle between the colliding photon pair, W ′ is the shell width, and E max is the maximum energy of the target photons. Here n ′ γ (E ′ ) is the number density of target photons in the comoving frame, which is given by Abdo et al. (2009b) 
where R is the radiation radius, and d L is the luminosity distance. Introducing a dimensionless function F(β), Abdo et al. (2009b) obtain a simplified expression of τ γγ ,
where
is valid for the internal shock model, where δt is the variability time. Setting τ γγ (E c ) = 1, the Lorentz factor Γ is given by
(4) One should note that Eq.(3) is obtained when the upper limit of the second integral in Eq. (1), E max , is taken to be ∞, which is valid only when the energy of target photons that annihilate with E c is well below the cutoff energy, i.e., (Li 2010; Zhao et al. 2011 ). This condition is usually satisfied when the cutoff energy E c is larger than a few hundreds MeV. However, for bursts with lower E c , such as some bursts in our sample, this condition is not satisfied anymore. For these low E c bursts, the energy of target photons should be comparable
Using the above method, we can now calculate Γ for each burst with spectral cutoffs. For GRB090926A and GRB 131108A, since the time-resolved spectra of the maximum spikes show spectral cutoffs, we use the cutoff energy for the time-resolved spectrum to calculate Γ. For 4 GRBs that do not have redshift measurements, we assume redshifts of z = 1 for them. The variability time δt = 0.1s is adopted for GRB131108A, based on the 2 ms resolution lightcurve of the bright NaI detector. For GRB090926A, δt = 0.15s is adopted according to Ackermann (2011) . We first use Eq. (4) to calculate Γ, and then check whether Eq. (5) is satisfied. We find that, only two bursts (GRB131108A and GRB090926A), which have relatively larger E c , satisfy this condition. The other seven bursts all have E c 100MeV and Eq.5 is not satisfied for them, so their Lorentz factor Γ are calculated with Eq.(6). We note that this estimate of Γ suffers from less assumptions, as they are independent of the internal shock model assumption and the estimate of the variability timescale. The results of Γ are presented in Table 5 . The values of Γ in our sample range from 90 to 900, providing direct evidence that GRBs are powered by ultra-relativistic outflow.
3.2. Correlations in Γ − L γ,iso and Γ − E γ,iso There have been suggestions that the Lorentz factors correlate with other quantities of the GRB jets, such as the isotropic gamma-ray luminosity or energy (Liang et al. 2010; Lü et al. 2012; Ghirlanda et al. 2012 ). The Lorentz factors in all the references are determined from the afterglow onset time, at which the jet is decelerated, so the values depends on the details of the dynamics and the circumburst environment. The Lorentz factors determined through the absorption cutoff in high-energy photons is more straightforward and reliable. We test the relation Γ − L γ,iso and Γ − E γ,iso using our sample, where L γ,iso is the averaged, isotropic gamma-ray luminosity in 10-1000KeV and E γ,iso is the isotropic gamma-ray energy in 10-1000KeV. The results are shown in Fig.3 . We find the relation Γ = 10 1.74±0.20 L 0.51±0.14 γ,iso,51 ,
with a Pearson correlation coefficient of r = 0.807 and null hypothesis probability of 0.0086, which indicates a tight positive correlation. Removing the 4 GRBs that do not have redshift measurements, we examine whether the correlation remains. Although the sample gets smaller, we find that a correlation between Γ and L γ,iso remains. Similarly, for the 9 GRBs, we find that Γ = 10 1.49±0.68 E 0.57±0.41
with a Pearson correlation coefficient of r = 0.495 and null hypothesis probability of 0.101. Although our results generally agree with earlier suggestions that more powerful GRBs move faster, the correlation slopes are different. We note that the number of GRBs in our sample is limited and the correlation remains to be tested with a large sample in future. GRB jets are accelerated at the early stag while the internal energy of the fireball is gradually converted to the kinetic energy. After the acceleration, the jet is expected to have a Lorentz factor equals to the the initial dimensionless entropy
, where L 0 andṀ are respectively the total energy and mass outflow rates. Considering the relation in Eq.7, the mass outflow rates should follow thatṀ ∝ L 0.51±0.14 γ,iso (assuming that L γ,iso ∝ L 0 ). This put useful constraint on any central engine models for GRBs.
Summary
We performed a complete analysis of the LAT-detected GRBs since August 2011, i.e. the bursts that are not included in the first Fermi/LAT GRB catalog (Ackermann et al. 2013 ). Our aim is to search for cutoff-like spectral features in the high-energy gamma-ray emission, as has been seen in GRB 090926A. We find 7 GRBs showing such spectral features, with the cutoff energy ranging from ∼ 20 to ∼ 300 MeV. Assuming a simple one-zone model for the MeV-GeV emission, we compute the bulk Lorentz factors of the emitting region of these bursts. It is found that the Lorentz factors are correlated with the isotropic gamma-ray luminosity of the bursts, suggesting that more powerful GRB outflow move faster. a L means long burst and S means short burst. b Positions of LAT-GRBs from GCNs. c The burst interval used by the GBM team for spectral analysis in GCN circulars, which is also the time interval of our spectrum analysis.
d GCN reports no significant detection at the prompt phase. But GRB120709A has LAT detection in our analysis, and it is also present in the LAT Burst Online Catalog. Jenke, P.& Xiong, S. (2014); 18: Sonbas, E. et al. (2014); Zhang, B.-B.& Bhat, N. (2014); 19: Vianello, G. et al. (2014); Xiong, S. (2014); 20: Bissaldi, E. et al. (2014); von Kienlin, A.& Connaughton, V. (2014); 21: Bissaldi, E. et al. (2014); von Kienlin, A. (2014); 22: Vianello, G. et al. (2014); Yu, H.-F.& von Kienlin, A. (2014) ; 23: 
